Introduction
Since the first report on photosplitting of water on a single-crystal titanium dioxide (TiO 2 ) electrode by Fujishima and Honda [1] , TiO 2 has been discussed intensively for decades due to its strong oxidizing power, long-term photostability and lower cost [2] . It has been viewed as a leading candidate for semiconductor materials in the construction of electronic devices [3] , in the manufacturing of pigments and coatings [4] , in solar cells [5] [6] [7] [8] , sensors [9] , cosmetics, as a catalyst support in several processes [10] [11] [12] [13] , as a photocatalyst in the degradation of organic compounds in environmental protection processes [14] and in biomedical applications such as biological substrates [15] . In particular, arrays of one-dimensional (1D) TiO 2 nanostructures such as TiO 2 nanotubes (TiNTs) have drawn ever-increasing attention because they not only have a high surface area but also offer the advantage of directed carrier transport, which can facilitate the collection of photogenerated charge carriers and therefore are expected to provide perfect carrier transport channels in many photoconversion applications, for example, in the process of organic waste degradation [16] [17] [18] [19] .
Upon exposure to light, holes and electrons in TiNTs will be separated (under the field of the Schottky junction with the environment), reach the semiconductor-environment interface and react with appropriate redox species in the environment [20] . Several highly reactive species are generated, for example, from the surrounding water by charge exchanges at the valence band (H 2 O + h + → OH · ) and at the conduction band (O 2 + e → O − 2 ) [21] . For TiNTs, the key point to increase the photocatalytic efficiency is to optimize the transportation channels for carriers and to prepare a sufficient amount of surface reactive species that are ready to accept the carriers [22] [23] [24] . Previous research has used calcinations at various temperatures and in different atmospheres to promote a phase transition, since the anatase phase usually implies better carrier transportation channels [25] [26] [27] [28] . However, problems exist as the process consumes a lot of energy and the final product is normally a mixture of anatase and rutile TiO 2 . Wang et al [29] has recently come up with an energy-saving route by immersing the membrane into water at room temperature to achieve the amorphous-anatase phase transition. Nevertheless, the tubular morphology can barely survive and the process takes a long time, making it difficult to apply in mass production.
Here, we represent a facile and quick method to transform amorphous TiNTs to the anatase phase while the nanotubular geometry is mainly retained. In order to decorate the surface structure and improve the anatase crystallinity of the TiNT membrane, water vapour was introduced into the annealing system at a relatively low temperature. Experimental results show the treated TiNT nanomembranes can provide a biocompatible environment for stem cells and possess promoted photocatalytic ability as well, suggesting the great potential of such TiNT membranes in various applications, including photocatalytic degradation, cell cultivation and solar energy conversion.
Experimental methods

Fabrication of annealed TiNT membranes
TiNT membranes were fabricated by anodization of Ti foils in a two-electrode electrochemical cell. Prior to anodization, Ti foil was first washed, sequentially, by ethanol, acetone and de-ionized water under ultrasonication treatment for several minutes. In order to effectively reduce impurities and defects on the surface, a pre-anodization step was engaged. The pre-anodization was performed by using the Ti foil as anode and a Mo plate as cathode at room temperature for 1 h. The voltage was set to 60 V and an ethylene glycol electrolyte containing 0.3 wt% NH 4 F and 1.8 wt% H 2 O was adopted. TiNT formed in this step was then removed in dilute HNO 3 solution. The residual Ti substrate was anodized again with the same parameters for 1 h. At the end of the anodization, the voltage was increased abruptly to 140 V to peel off the membrane (see figure S2 , available at stacks.iop. org/Nano/24/305706/mmedia). The as-prepared samples were annealed at 200 and 300 • C in different atmospheres (N 2 or N 2 /H 2 O mixture) for 30 min. The heating procedure started at room temperature with a ramping rate of 5 • C min −1 . Water vapour was introduced into the annealing system by passing high-purity N 2 (the gaseous flow rates of N 2 and vapour is 0.4 and 0.415 l min −1 respectively) through a saturator filled with boiling water (for details see figure S1 , available at stacks.iop. org/Nano/24/305706/mmedia). Samples annealed in pure N 2 have also been prepared at the same temperature as references.
Structural characterizations
Scanning electron microscopy (SEM, JEOL JSM-6701F) and transmission electron microscopy (TEM, Philips CM200 FEG) were both used to characterize the morphological and structural properties of the samples. The x-ray diffraction (XRD) patterns of the membranes were obtained with a Bruker D8 x-ray diffractometer with Cu Kα radiation (λ = 1.5418Å). Photoluminescence (PL) spectra of the samples were measured with a Renishaw inVia laser Raman spectrometer using the 514.5 nm line of an Ar + laser as the excitation source.
Cell adhesion ability assay and morphological observation
Six-week-old male Fisher 344 rats were obtained from the Ninth People's Hospital Animal Centre (Shanghai, China). The animal process protocols were approved by the Animal Research Committee of the Ninth People's Hospital affiliated to Shanghai Jiao Tong University, School of Medicine. Rat bone marrow stromal cells (BMSCs) were isolated and cultured according to Jiang et al [30] . Primary cells were cultured at 37 • C in an atmosphere of 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum, 100 units ml −1 penicillin and 100 mg ml
streptomycin, and the fourth passage cells were used in the following experiments. In cell adhesion assays, BMSCs were seeded on biomaterial discs in six-well plates at a density of 3 × 10 4 cells cm −2 in triplicate, and alamarBlue reagent [31] (Life Tech.) was used to evaluate the cell adhesion abilities on different TiNT membranes according to the manufacturer's instructions after 4 and 24 h, respectively. The results were recorded spectrophotometrically for absorbance with a microplate reader (Thermo Scientific Multiskan MK3) at wavelengths of 570 and 600 nm, respectively. For cell morphological examination, cell seedings were performed according to the cell adhesion assay. After the cultivation assays of 4 and 24 h, cells were fixed in 4% paraformaldehyde for 10 min at room temperature and treated with 0.1 Triton X-100 for 2-3 min to permeabilize cellular membrane, then the actin cytoskeletons were stained with FITC-phalloidin (Sigma Aldrich) for 30 min at room temperature in the dark and the nuclei were stained with DAPI (Life Tech.) for another 5 min. Cell spreading on different TiNTs was observed using an Olympus fluorescence microscope GX71.
Measurement of photocatalytic performance of TiNT membranes
The photocatalytic performances of the samples were evaluated by measuring the catalytical degradation rates of azo-dye solutions on a Shimadzu UV-2550 spectrometer. Photocatalytic degradations of methyl orange (MO) and Rhodamine B (RhB) were carried out in a quartz reaction vessel with a quartz cover to prevent water evaporation. TiNT membranes with an area of 4.5 cm 2 were placed into 6 ml MO (RhB) solution with an initial concentration of 10 mg l −1 and a 200-W xenon lamp (Lanpu, China) positioned 50 cm away from the MO (RhB) solution as a light source to trigger the photocatalytic reaction. The solution was then kept for 30 min in the dark to reach the adsorption equilibrium. To quantitatively evaluate the degradation rate of the dye solution, the absorbance of the degraded solution was measured every 10 min with a Shimadzu UV-2550 spectrometer. Figure S5 (available at stacks.iop.org/Nano/24/305706/mmedia) shows the evolution of the MO absorption spectra measured in our experiment. The changes of absorption intensities at 464 and 554 nm, which are reported as the maximum absorption wavelengths of MO and RhB respectively, were extracted to calculate the degradation rate [32] . For the dye solution with a low concentration, its photocatalytic decolourization is a pseudo first-order reaction and its kinetics can be expressed as ln(C 0 /C) = kt, where t is the time duration, k is the apparent rate constant and C 0 and C are the initial and reaction concentrations, respectively [33] . We thus can calculate the pseudo first-order rate constant k in the degradation process to evaluate the photocatalytic efficiency of the sample.
Results and discussion
Figure 1(a) is a schematic representation illustrating the fabrication process of the freestanding TiNT membranes. The abruptly increased voltage/current in our work would introduce a large compressive stress at the metal/oxide interface, which could finally induce the separation at the oxide/metal interface [34] . A typical photograph of a freestanding TiNT membrane after this separation step is shown in figure 1(b) . One can see that the TiNT membrane obtained is completely freestanding, without a Ti substrate attached, which is important in applications such as flow-through photocatalytic applications [17] . Morphology characterization demonstrated that, after 1 h growth, • C in N 2 , (III) 200
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All the peaks can be indexed to the anatase TiO 2 except for the peaks from the Ti substrate (marked by stars).
nanotubes with diameters of 80-100 nm can be as long as 3 µm. Figures 1(c) and (d) show SEM images of membranes annealed at 300 • C with and without introduced water vapour, and ordered TiNT arrays due to the effect of pre-anodization can be observed to survive the annealing process [35, 36] . The SEM images also indicate that annealing with vapour hardly leads to any distinguishable morphological evolution, except for a few cracks ( figure 1(d) ). The formation of these cracks can be attributed to a phase transformation in the membrane, as will be discussed later.
In addition, we noticed that the pre-anodization process is critically necessary for nanomembrane fabrication with a high quality, since Ti substrate needs to be polished before the formal anodization. Any defects and impurities on the initial Ti foil have a strong influence on the growth and the subsequent morphology of the final TiNT membranes. Figures 1(e) and (f) show the SEM images of TiNT membranes prepared without and with the pre-anodization treatment respectively. We found that the pre-anodization treatment left a net-like layer on the top of the Ti foil, which could help develop highly ordered TiNTs in the following anodization. It has been reported that the net-like trace left by pre-anodization not only reduces the defects and impurities, improving the ordering, but also benefits optical applications of TiNT membranes [35] . Figure 2 shows the XRD patterns of as-anodized and annealed TiNT membranes. The results indicate that the as-anodized TiNT membrane is amorphous, while the samples annealed at 200 • C in atmospheres with and without vapour show similar degrees of crystallization. A slight difference can only be identified at 2θ = 53.94 • (corresponding to (105) plane of anatase TiO 2 ). The sample annealed at 200 • C with water vapour shows a stronger peak, demonstrating that the membrane has better crystallinity if water is mixed into the annealing atmosphere. The effect of water becomes more evident when the annealing temperature is elevated to 300 • C, as two distinct peaks at 36.99 • and 55.11 • can only be detected from the sample annealed with water vapour. The crystal sizes normal to the (101) direction calculated by using Scherrer equation are ∼38 and ∼31 nm respectively for samples annealed at 300 • C with and without vapour. The integral intensity of the (101) peak increases by ∼20% in the sample annealed with vapour, suggesting a remarkable increase in the number of nanocrystals, since the crystal only slightly enlarged. The detailed mechanism can be explained as follows. When water molecules were introduced, dissolution-precipitation reactions occured at the surface of TiO 2 [37] . Water molecules were attracted during annealing by the original hydroxyl groups attached to the TiO 2 structure. The surface hydroxyl groups on two different TiO 2− 6 octahedra, sharing one common vertex, reacted with one water molecule at the same time and the octahedra coalesced with each other, forming covalent bonds of Ti-OH [29] . After that, a third octahedron driven by water is linked with the above two by sharing edges. The TiO 2− 6 octahedra are all collected by this means with the assistance of water molecules and finally convert into an anatase cluster due to its lower Gibbs free energy [38] . In contrast, without the participation of water, crystallization becomes difficult because the breakage and rebuilding of the covalent bonds must rely in the application of external heat energy. It is worth noting that a similar crystallization process of TiNT in liquid water has previously been reported by Yu et al [33] . In their work, TiNT membranes were soaked into water and then heated to 180 • C for hours in pursuit of the anatase phase. Nevertheless, TiNT membrane can be easily broken up when immersed into water for a long duration [34] , so the approach described in this work is most likely to provide a more feasible and reliable controllability, as well as being time-saving. Moreover, we should stress that water molecules suffer less limitation when travelling through the nanochannels in the vapour state and thus the reaction Figure 4 . Cell adhesion assay. After rat bone marrow stem cells (rat BMSCs) were seeded on different TiNT membranes for 4 h and 24 h, respectively, the cell adhesion ability was evaluated by alamarBlue assay (purchased from Life Technol.). TiNT membranes (I) without annealing, and annealed at (II) 200
• C in N 2 , (III) 200
The insets show the typical fluorescent image of a stem cell cultivated for 4 h on the surface of TiNT membranes annealed at 300
• C in N 2 /H 2 O. The nucleus was stained blue and the cytoskeleton was stained green (see section 2 for details).
could take place in the interior region of the TiNT membrane due to the longer diffusion length of water molecules in the gaseous state [39] .
Here, to obtain more details about the enhanced crystallinity, we carried out TEM characterization on samples annealed at 300 • C. The results are shown in figure 3 . Figures 3(a) and (c) correspond to TiNT samples annealed with and without water vapour respectively. Except for similar tubular morphologies, a significant difference can be noticed from the corresponding electron diffraction (ED) patterns (figures 3(b) and (d)). For the TiNT membrane annealed at 300 • C in N 2 , only a few weak diffraction spots are shown ( figure 3(d) ), indicating a poor crystallinity. The anatase crystallinity is greatly enhanced when water vapour is introduced, and thus the quasi-polycrystalline nature can be proved by the stronger lattice diffraction in figure 3(b) . The increased crystallinity is further identified by the high-resolution TEM results shown in figure S3 (available at stacks.iop.org/Nano/24/305706/mmedia). Clear lattice fringes of anatase TiO 2 can be detected from TiNT annealed at 300 • C with water vapour, while such fringes are hardly observed in a sample annealed in pure N 2 (figure S3(b) available at stacks.iop.org/Nano/24/305706/mmedia).
Among the numerous materials proposed for implants, Ti [40] [41] [42] [43] and Ti-based materials [44, 45] have attracted attention because of their good biocompatibility, corrosion resistance and the possession of physical properties close to those of bone [46] . Thus the biological performance of TiO 2 material is also of interest to researchers. Herein, to check the bioactivity of TiNT membranes annealed with water vapour for potential biological applications in the future, rat bone marrow stem cells were cultured on surfaces of the membranes in biomaterial discs. The inset in figure 4 shows the typical morphologies of stem cells cultivated for 4 h on the surface of a TiNT membrane annealed with water vapour at 300 • C. The morphology of the cells varied as a function of replicative age from the initial spindle shape to a more flattened square or star shape, as shown in the inset. The green FITC-phalloidin interacted with the F-actin of the cells and implied changes of the cytoskeleton, demonstrating the biocompatibility of the TiNT substrate. The living states of the cells can be further quantified by measuring the reduction rate of the alamarBlue dye (see section 2 for details). The results summarized in figure 4 indicate that the numbers of surviving stem cells on samples annealed with or without water vapour were almost the same, indicating that all the TiNT membranes are biocompatible, although those annealed with water vapour even show a slight disadvantage. The reason for this will be discussed in the following paragraphs.
The biocompatibility can be significantly influenced by the surface condition. It is therefore natural to deduce that the surface changes after the annealing treatment. In this work, we tried to probe this change optically by measuring the PL spectra of the treated samples and found that the samples annealed with water vapour emit visible light, while the unannealed samples or those annealed in N 2 show neglible emission, as displayed in figure 5(a) . The obviously asymmetrical feature of the PL bands from samples annealed with water vapour at 200 and 300 • C suggests that more than one PL centre should contribute to the observed broad band [47] . To clarify its origin, each PL peak is divided into two Gaussian subbands (see dashed lines in figure 5(a) ), which are located at ∼593 and ∼680 nm, respectively. Previously, electron traps were demonstrated to dominate the emission spectrum of anatase TiO 2 nanocrystals, which show a PL peak at ∼650 nm [48] . Detailed investigations ascribed this red PL to the radiative recombination of trapped electrons, about 0.7-1.6 eV below the conduction band edge, with valence band holes [49] . Considering the similar emission wavelength and nanocrystal nature of our samples, as proved by the aforementioned XRD and TEM results, we believe the subband at longer wavelengths might be connected to the electron traps in nanocrystal TiO 2 . In our case, TiNT membranes are oxygen-deficient [47] and those annealed with water vapour turned dark brown instead of the original yellow appearance, illustrating that a large amount of undercoordinated Ti 4+ formed [50] [51] [52] [53] , which can be cited as likely sites for electrons to be trapped, finally causing the red emission [48, 49] .
The subband at ∼593 nm should have another origin. Qian et al [54] reported an emission at ∼588 nm from TiNTs fabricated by a soft chemical process and considered the emission to be connected with an optical transition in the Ti-OH complex. Similar results have also been mentioned in the study of water-annealed silica nanotubes, in which the strong emission is attributed to OH groups on the inner and outer surfaces [55] . As the water molecules travel into the annealing system, the nucleation of anatase is accelerated by the existence of water, which forces the TiO 6 octahedral units to rearrange to the more compact anatase structure [56] , leading to an increase of superficial hydroxyl groups. On the other hand, the vapour-surrounded environment can effectively prevent the formed hydroxyl groups being destroyed by the dehydration reaction at high temperature (Ti-OH + Ti-OH → Ti-O-Ti + H 2 O) [33] . To go deeper into the light emission mechanism, we carried out more control experiments: the samples were first sealed into a container filled with water vapour at room temperature for 40 h, then soaked in ethanol for 20 min. The PL spectra from these post-treated samples were measured (figure S4 available at stacks.iop.org/Nano/24/305706/mmedia) and we noticed that there was no obvious variation in the lineshapes of either subband. The full width at half maximum (FWHM) of the two subbands from these post-treated samples was measured and is shown in figure 5(b) . One can see that the FWHM of both subbands is unchanged, indicating the nature of both PL centres is unaffected. However, the relative intensity between the two subbands varies after water vapour immersion at room temperature (figure S4 available at stacks.iop.org/Nano/24/305706/mmedia). The increase of the emission band at longer wavelengths is believed to be due to the improved crystallinity and the correspondingly increased undercoordinated Ti 4+ sites from the aforementioned water-intermediated dissolution-precipitation reactions [33] . On the other hand, the emission from superficial hydroxyl groups hardly increases, since the surface is already saturated. From figures S4(e) and (f) (available at stacks.iop.org/Nano/24/305706/mmedia), one may also deduce a good stability of these superficial hydroxyl groups because they are hardly impacted by the exterior conditions and even the strong dehydrogenating agent, i.e. ethanol, cannot remove them.
The PL characterizations thus give us a clue as to the reason for the aforementioned change in biocompatibility (see figure 4) . We have already noticed that the samples annealed with water vapour are covered with more superficial hydroxyl groups. These hydroxyl groups and the corresponding highly reactive hydroxyl radicals generated when TiNT membranes were immersed in the aqueous medium are, unfortunately, found to be somewhat harmful to the cell walls [57] . This degrades the cell adhesion and, in turn, is likely to be disturbing to the living state of the cell, leading to slightly decreased biocompatibility for TiNT membranes annealed with water vapour.
Finally, the photocatalytic activity of the samples was examined by using the decolourization of MO and RhB as probes. Figure 6 (a) shows the degradation of MO solutions as a function of irradiation time by calculating the absorbance of MO molecules at the peak feature at 464 nm [58] . Details of the photocatalytic measurement can be discovered in figure S5 (available at stacks.iop.org/Nano/24/305706/mmedia). The sample annealed at 300 • C with water vapour demonstrates the highest degradation efficiency. Within a short period of 60 min, the TiNT membrane is able to degrade over 46% of the original MO, as depicted in figure 6 (a), corresponding to a pseudo first-order rate constant of 0.0076 min −1 ( figure 6(b) ), while the rate for the sample annealed at 300 • C in N 2 is only 0.002 min −1 . The enhancement is noticed also in the samples annealed at 200 • C. As exhibited in figure 6(b) , the degradation rate of MO in 1 h by the sample annealed at 200 • C with water vapour was 25.10%, which is roughly four times greater than that by the sample annealed in N 2 (6.27%). To validate the universality of the enhanced photocatalytic performance, the degradation rates of RhB were also recorded and are summarized in figure 6(b) . The results obtained justify the conclusion that TiNT membranes annealed with water vapour exhibit obviously promoted performance in the degradation processes. We also compared the photocatalytic efficiencies of our samples to those reported in the literature [59] [60] [61] and found that the current samples show a better performance, even if the others were treated longer at higher temperatures. Previous work suggests that the superficial hydroxyl groups may contribute to the enhancement of the photocatalytic property, because they can subsequently react with the photogenerated holes to form oxidative hydroxyl radicals (OH · ), via the reaction: OH [33, 62] . Our above PL results have already shown the existence of abundant hydroxyl groups on the surface of TiNT membranes annealed with water vapour. During photocatalysis, these hydroxyl groups are transformed to hydroxyl radicals, which are the principal oxidants for degradation of the dye molecules [63] , and consequently enhance the photocatalytic performance by accelerating the degradation reactions. Moreover, we believe that the improved anatase crystallinity (increased anatase nanocrystals) may also contribute to the enhancement of photocatalytic ability, because anatase is reported to be more advantageous in photocatalytic degradation than amorphous structure since it consists of more ordered TiO 2− 6 octahedra and thus smooth photoexcited carrier transport channels as well [58, 64] . We should stress that compared with the previous approaches of hydroxyl group introduction [29, 54] , the water-assisted annealing process presented here not only produces a large amount of superficial hydroxyl groups but also maintains the unique one-dimensional geometry of the nanotubes, which in turn promotes the photocatalytic ability by providing a directed travelling path for photogenerated electrons [33, 65] .
Conclusions
To sum up, freestanding TiNT membranes with improved anatase crystallinity were fabricated by introducing water vapour into the annealing atmosphere. A stem cell culture experiment was carried out to check the biocompatibility of the TiNT membranes with hydroxyl group covering and the results disclose the influence from the hydroxyl groups. The samples annealed with water vapour show visible emission due to body defects and stable hydroxyl groups on their surface, and both are produced by the water-assisted annealing. A promoted photocatalytic activity is also disclosed and attributed to the anatase crystallinity, the superficial hydroxyl groups and the tubular morphology. The fabrication method presented here is simple and time-saving, and can be scaled up easily to produce TiO 2 -related materials used in photocatalysis, optics and biomedical applications.
